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Abstract 
Electrochemical tests on corrosion rate of reinforcement were performed on six concrete specimens reinforced with a single bar 
equipped with temperature and concrete moisture sensors. The specimens were kept in a climatic and corrosion chamber where 
ambient temperature was changing discretely in a temperature range of 7°C ÷ 35°C, and similarly humid conditions were 
changing in a range of 30% ÷ 90%. The tests were also conducted on specimens immersed in water at 7°C and 35°C. 
Temperature and moisture content in concrete at the bar surface were monitored throughout the tests. The objective of this work 
was to analyse the influence of rapid changes in climatic conditions maintained for a few-day cycles, on corrosion rate of 
reinforcement in concrete. The tests demonstrated that the current corrosion process models for concrete reinforcement which 
assumed an immediate response of corrosion rate to a change in climatic conditions, was correct only for temperature. 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of organizing committee of the 7th Scientific-Technical Conference Material 
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1. Introduction 
The development of corrosion processes of reinforcement in concrete structures is more and more often 
determined by the methods of continuous monitoring using advanced sensors. They are used to determine not only 
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the rate of corrosion processes by electrochemical methods, but also to determine temperature, concrete resistivity, 
pH, concentrations of chloride ions (Broomfield et al. [1], Duffó and Farina [2], Yu and Caseres [3], Montemor et 
al. [4], McCartera and Vennesland [5]), and even oxygen concentration in concrete (Correia et al. [6]). Variation of 
corrosion rate, which is difficult to predict and mainly depends on the above factors, can be eliminated by 
continuous monitoring A problem on correct estimation of corrosion rate changes refers to structures that are not 
monitored as measurement data are collected only once. Then, it is necessary to model the course of corrosion 
process, which usually includes the empirical dependence of corrosion current density over a function of time as, 
according to Faraday's law, current intensity is proportional to the mass of iron ions moved from a crystalline grid 
of steel. The examples of such empirical relationships can be found, inter alia, in the papers by Gulikers [7], 
Morinaga [8], Liu and Weyers [9], Huet et al. [10], Pour-Ghaz et al. [11], Krykowski and Zybura [12]. They 
describe functions, in which current density was correlated mainly with temperature, concrete resistivity, and 
chloride concentration (assuming chloride-induced corrosion). Each model was based on an implicit assumption 
that a change of any of the above parameters would induce a rapid change in concentration of chlorides current 
density. Thus, such models do not include the effect of concrete heat capacity on temperature at the reinforcement 
surface and sunlight impact. Moreover, they neglect the impact of moisture content or freezing of concrete surface 
on its resistivity, which is then only conditioned by humidity.  
 
The objective of this paper was to analyse the impact of rapid changes in thermal and humid conditions 
maintained for a few-day cycles, on corrosion rate of reinforcement in concrete test elements. Polarization 
measurements conducted by Linear Polarization Resistance and Electrochemical Impedance Spectroscopy 
techniques were used for evaluation purposes. The measurements were carried out in a continuous mode on 
concrete specimens with passive reinforcement and advanced corrosion. The tests were performed in tap water and 
a climatic and corrosion chamber at programmed changeable temperature and humidity.  
2. Course of tests 
The tests were conducted on six cylindrical specimens made of concrete class C20/25. Cement CEM I 42,5R 
(324 kg/m3) and natural aggregate up to 16 mm (1931 kg/m3) were used. Concrete with w/c ratio = 0.4 was 
prepared without any additives. Figs 1a and 1b illustrate a scheme and photo of the specimen element. Fragments 
of rebars 1, whose protruding ends were protected against corrosion with epoxy resin and heat shrinkable plastic, 
were placed in cylinders. Moreover, a custom-made silver chloride electrode 2 and a rectangular stainless steel grid 
(or strip) 3 were embedded in concrete. Membrane of silver chloride electrode was placed at a distance of ca. 10 
mm from the bar surface 1, and the stainless steel grid (or strip) 3 was put parallel to the bar 1 at a distance of ca. 
20 mm from it. The specimens also contained a temperature sensor 4 stabilized at a distance of ca. 10 mm from the 
rebar surface, and a concrete moisture sensor 5 composed of two parallel stainless steel bars with a diameter of 2 
mm, at a distance of 16 mm from each other. 
 
Before the tests began, three specimens were stored at dry air conditions for 5 months. Other three specimens 
with induced reinforcement corrosion were prepared much earlier. Then, in the climatic and corrosion chamber 
they were subject to electrochemical tests on corrosion rate for ca. 3 years. The course and analysis of the 
mentioned 3-year tests are described in the paper by Jaśniok and Jaśniok [13]. 
 
In the first stage of tests, the specimens were immersed in tap water of 35qC for 24 hours – Fig. 1d. Then, a 
series of electrochemical tests were performed followed by a change in water temperature to 7qC (by water 
replacement). Further two series of electrochemical tests were conducted an hour after temperature change. The 
assumed water temperature was maintained for two days, during which series of control tests were conducted. 
After that time, water temperature was again changed to 35qC, and similar electrochemical tests were performed – 
one series before the change and two series after it, and control series. When the measurements in water were 
completed, the specimens were stored under the conditions of reference constant temperature and humidity. The 
method of performing tests was not changed. Each time only one parameter was changed, that is, the air 
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temperature from 35qC to 7qC (or inversely) or humidity from 90% to 30%. A list of changes of thermal and 
conditions is presented schematically in Fig. 1d and in the form of a diagram in Fig. 2. Before each series of 
electrochemical measurements, concrete moisture and temperature were measured in the immediate vicinity of the 
rebar.  
 
 
Fig. 1. Polarization tests of reinforcing steel in concrete: (a) a scheme of test element, (b) a test element photo, (c) a scheme of three-electrode 
system, (d) a test stand photo – climatic and corrosion chamber. 
A series of electrochemical tests consisted in, first of all, measurements by the Electrochemical Impedance 
Spectroscopy (EIS) technique, and then by the Linear Polarization Resistance (LPR) technique. The three-
electrode system (Fig. 1c) was used in both techniques. The system contained a fragment of rebar 1 used as a 
working electrode, a chloride silver electrode 2 used as a reference electrode, and a rectangular stainless steel grid 
(or strip) 3 used as a counter electrode. All the electrodes were connected to potentiostat 6. The EIS measurements 
were conducted at the fixed range of frequencies 0.01 Hz ÷ 100,000 Hz and the potential amplitude of 10 mV 
regarding the corrosion potential. For the LPR measurements, the reinforcement was polarized at a rate of 1 mV/s 
within the range of potential changes from –150 mV to +100 mV in regard to corrosion potential. 
3. Comparison of concrete moisture and a temperature of concrete and the air in a climatic chamber 
Fig. 2 illustrates a diagram of temperature and humidity variations in the climatic and corrosion chamber and a 
diagram of averaged changes of concrete temperature and moisture content for the specimens. The results for the 
specimens were averaged as those values were very similar for all tested elements. It should be emphasized that, at 
the set point temperature of 7qC and humidity of 90%, the a temperature of ca. 10qC and humidity of ca. 70% 
could be reached in the chamber. In other cases, the set point parameters were stable.  
 
Concrete temperature in the specimens reached very quickly ambient temperature of the chamber or water 
temperature, in which the specimens were immersed – Fig. 2a. Even slight changes in the chamber temperature, 
i.e. related to its operation, also resulted in analogous increases or drops of temperature of the concrete specimens. 
On the other hand, changes in moisture content in the concrete specimens were slightly noticeable. Such minor 
changes were caused by the initial immersion of the specimens in water, and then their further exposure, without 
drying them, to the conditions of high and low humidity. Neither taking the specimens out of water nor changing 
humidity in a significant way influenced the change in moisture content in concrete. No clear depressions of a red 
line shown in Fig 2b, at 120 and 290 hour of the tests, showed the above observations. But this line shows a clear 
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bending upwards at an increase in a temperature of the concrete specimen, and bending downwards at a 
temperature drop. This tendency is entirely reasonable as measurement of moisture content in concrete was based 
on determining its resistivity decreasing at an increasing temperature (Osterminski et al. [14]).  
Thus, it can be assumed that tests conducted on specimens without their prior immersion in water could 
considerably change the dependence of concrete moisture (resistivity) on humidity – cf Osterminski et al. [14]. 
However, that dependence would not be so great in case of temperature (illustrated in Fig. 2a) as concrete 
conductivity was stabilized only after ca. 10y14 days after changes of external conditions, which was discussed in 
the paper by Basheer et al. [15].  
 
 
Fig. 2. A diagram of changes in (a) temperature and (b) moisture content in concrete specimens and humidity in the climatic and corrosion 
chamber during tests.  
 
4. Polarization tests on steel in concrete over a function of changeable thermal and humidity conditions 
Figs 3a and 3b illustrate the exemplary results from polarizations tests performed by the EIS and LPR 
techniques. Those results were obtained for a bar in the specimen No. 3 (characterised by a slow rate of corrosion). 
Figs 3c and 3d show the results for a bar in the specimen No. 5 (with advanced corrosion). The individual 
diagrams presented with different colours, were obtained at different climatic conditions programmed in the 
chamber. 
 
Shapes of impedance spectra for the specimen No. 5 with advanced corrosion (Fig. 3b) and the specimen No. 3 
without any agent inducing steel corrosion (Fig. 3a), differ significantly All spectra shown in Fig 3a are strongly 
capacitive and composed of a very short high-frequency fragment of circle and a very long and large low-
frequency arc. The described typical features of spectra usually indicate explicitly passivation of steel in concrete. 
On the other hand, all spectra illustrated in Fig. 3c have a long and strongly flattened fragment of high-frequency 
semi-circle typical for concrete and a much shorter and small low-frequency semi-circle, typical for steel, changing 
into a straight line. The described typical features of spectra usually indicate the development of steel corrosion in 
concrete. The above projections concerning electrochemical conditions of steel surface in the tested concrete 
specimens were confirmed by phase shift angles I read for the lowest frequency measurement (0.01 Hz). For 
passivated steel, the angles I were within a range of -43,72q ÷ -69,40q, while for corroded steel, they were within a 
range of -4,48q ÷ -16,88q. 
 
While evaluating the impact of a rapid change of temperature or humidity on shapes of impedance spectra, a 
clear shift of spectra inflexion point towards positive values on the axis of real impedance were observed with their 
simultaneous increasing for corroded steel (Fig. 3c). The largest spectrum with the most shifted inflexion point was 
obtained at the lowest humidity (30%) and temperature (7qC). On the other hand, the smallest spectrum was 
obtained at the highest temperature (35qC), for the specimen immersed in water. Similar relations were observed 
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for spectra of passivated steel (Fig. 3a), but they are not so obvious as in Fig. 3c due to very small high-frequency 
fragments. 
 
For direct current measurements, the diagrams of polarization curves of passivated steel (Fig. 3b) were at a short 
distance from each other, regardless of concrete temperature. For straight line segments of the polarization curves, 
slope coefficients were close to each other as curve shapes were very similar. Moreover, the image of all 
polarization curves demonstrated a stable course of anodic and cathodic reactions throughout the tests.  
 
 
Fig. 3. Exemplary results from polarization measurements: (a) and (c) impedance spectra on a complex impedance plane obtained from the EIS 
measurements; (b) and (d) polarization curves from the LPR measurements; (e) equivalence electrical circuit. 
Similar arrangement of polarization curves was observed for a seriously corroded bar – Fig. 3d. But those 
curves were shifted toward higher densities of current and lower values of potential. It can be found that a red 
curve is shifted the most for a specimen totally immersed in water and at ambient temperature of 35qC. However, 
in the upper part of the coordinate system shifted towards lower current densities, a black curve is shown. That 
curve was obtained at humidity of 30% and ambient temperature of 7qC. Similarly as for passivated steel, curve 
shapes were close to each other which indicated a stable course of electrode reactions and minor changes in values 
of slope coefficients of straight line segments of the polarization curves – Fig. 3d. 
5. Analysis of impact of rapid changes in climatic conditions on selected electrochemical parameters  
Fig. 4 illustrates a comparison of diagrams of variations in corrosion current density icorr (Fig. 4a), polarization 
resistance Rp and charge transfer resistance Rt (Figs 4b and 4c), and resistance of electrical conductive paths in 
concrete Rc (Figs 4d and 4e). The distribution of concrete temperature and moisture in  concrete specimens was 
illustrated in Fig. 2 and also in Fig. 4f to make the analysis clearer. As Fig. 4 shows the results for all six tested 
specimens, each specimen is shown in a different colour according to the legend in Fig. 4a, for better clarity of 
those diagrams. 
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First and the most important analysed electrochemical parameter was corrosion current density icorr. It was 
calculated according to the Stern-Geary equation (1) as an arithmetic mean of polarization resistance Rp obtained 
from the analysis of tests by the LPR technique, and charge transfer resistance Rt determined by analysing the tests 
performed by the EIS technique  
  pca
ca
corr bb2,303
bb
R
i  .     (1) 
The equation (1) includes coefficients of straight line segments of polarization curves ba and bc , which were 
determined on the basis of  polarization curves analysis.  
 
Fig. 4. Impact of sudden changes of humidity and temperature on selected electrochemical parameters: (a) corrosion current density icorr,  
(b) and (c) polarization resistance Rp and charge transfer resistance Rt for passivated and corroded steel respectively,  
(d) and (e) resistance of electrical conductive paths in concrete Rc for passivated and corroded steel, 
(f) temperature and moisture content in concrete specimens. 
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Analysis of a diagram illustrating variations in corrosion current density icorr for steel in concrete, presented in 
Fig 4a, indicated its strong dependence on the initial state of corrosion development and concrete temperature 
(Jaśniok et al. [16]). The highest values of current density were obtained for the specimens Nos 4y6 with very 
advanced reinforcement corrosion. In the specimens Nos 1y3, the values of icorr were a few times lower than in the 
specimens Nos 4y6. In the final stage of tests, the difference reached even two orders of magnitude in one case . 
For all specimens, a sudden increase or drop in concrete temperature over a short time caused a sudden increase or 
drop in corrosion rate. It could be also observed that a rate of changes in concrete temperature and density of 
corrosion current were strongly correlated. But it was difficult to define the impact of moisture content in the 
concrete specimen on a change of corrosion rate of steel. As it was already mentioned, moisture content in concrete 
was significantly influenced by concrete temperature (similarly as corrosion rate) and only slightly by humidity 
level in the chamber. 
 
The values of polarization resistance Rp and charge transfer resistance Rt were very similar in the specimens 
with advanced corrosion (Fig. 4c). A similar tendency for the distribution of Rp and Rt  values was found in the 
specimens with passivated bars; however, in the final stage there were some divergences at a low temperature and 
humidity level in the chamber. It should be emphasized that at specified sudden drops in temperature, concrete 
conductivity was so destabilized that no reliable results could be obtained for d.c. measurement using the LPR 
technique. Consequently, the diagram of polarization curve for RH = 90% and T = 7qC was not shown in Fig. 3b. 
On the other hand, some results for Rp between 120 and 170 hours of the tests and after 340 hours of the tests are 
not shown in Figs 4b and 4c. Similarly as for corrosion current density icorr, the values Rp i Rt were strongly 
correlated with the changes in temperature. The impact of changes of moisture content in concrete was not 
noticeable too. 
 
A very interesting relation was observed by comparing the distribution of resistance Rc for all six specimens 
(Figs 4d and 4e) and the changes of concrete temperature and moisture content (Fig. 4f) over time. The parameter 
Rc, like the already discussed parameter Rt, was determined on the basis of the EIS measurements using a method 
of iterative fitting of spectra according to the diagram in Fig. 3c. In the electrical equivalent circuit shown in Fig. 
3c, reinforcing steel was characterized by charge transfer resistance Rt through metal-pore liquid boundaries and 
the constant phase element CPE0 characterizing the capacity of a double layer on steel – cf Jaśniok [17], Jaśniok 
[18], Jaśniok [19]. The 2nd constant phase element was characteristic for capacity of steel-concrete transition zone, 
and the resistor Rc in a parallel combination was characteristic for the total resistance of liquid filling concrete 
pores and the resistance of a double layer in contact with liquid and solid phase of concrete.  
 
For resistance Rc, particularly strong correlation was observed at changes of concrete temperature. A sudden 
drop or increase in temperature by 26qC caused a very rapid discrete change in the parameter Rc from 0.1 k: to 10 
k:. Bigger discrete changes in Rc were observed for concrete containing chlorides, but specimens with chlorides 
were 3 years older than the ones without chlorides. In principle, such a rapid change in Rc while temperature was 
changing can be explained by a change in viscosity of liquid filling concrete pores (Osterminski et al. [14 ]). An 
increase in concrete temperature causes an increase in a temperature of pore solution. Consequently, increased 
temperature of liquid causes a drop in its viscosity, which results in reduced resistance Rc. The graphical 
presentation of the parameter Rc in a complex impedance plain is a distance from zero value to the inflexion point 
of spectrum at the axis of real impedance. It should be noted that not all research workers conducting tests on 
impedance spectra of steel in concrete agree on the above mentioned interpretation of physical and chemical 
aspects of Rc. According to the paper by Song [20], the parameter Rc should be identified with resistance of three 
different electrical conductive paths in concrete, that is, continuous conductive paths (CCP), discontinuous 
conductive paths (DCP) and insulator conductive paths (ICP). 
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6. Conclusions 
The tests on corrosion rate of reinforcement in concrete using electrochemical methods were conducted in the 
climatic and corrosion chamber. The first stage of tests began with the total immersion of test elements in water, 
whose temperature was discretely changed. In further stages, the specimens, which were not dried, were exposed to 
high and low humidity level at rapid changes of ambient temperature, simulating the aquatic environment. The 
measured values of corrosion rate demonstrated a very noticeable effect of temperature change on the obtained 
results, and the rate of changes was closely connected with a rate of temperature change. The initial immersion of 
the specimens in water, without their drying in further stages, resulted in almost permanent moisture content in 
concrete throughout the tests (when measuring moisture content on the basis of concrete resistivity). Taking the 
specimens out of water and changing humidity level had a marginal effect on the obtained values of corrosion 
current density of reinforcement covered with concrete. Thus, it can be concluded that the models of corrosion 
process of reinforcement in concrete, which included the immediate response of corrosion rate to the change in 
climate conditions were only correct for temperature. On the other hand, moisture content in concrete, particularly 
without any possibility for quick drying of concrete soaked with water, does not depend on humidity and has no 
significant impact on changes of corrosion rate. 
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